Objectives To establish an education and training programme for the reduction of CT radiation doses and to assess this programme's efficacy. Methods Ten radiological institutes were counselled. The optimisation programme included a small group workshop and a lecture on radiation dose reduction strategies. The radiation dose used for five CT protocols (paranasal sinuses, brain, chest, pulmonary angiography and abdomen) was assessed using the dose-length product (DLP) before and after the optimisation programme. The mean DLP values were compared with national diagnostic reference levels (DRLs). Results The average reduction of the DLP after optimisation was 37% for the sinuses (180 vs. 113 mGycm, P< 0.001), 9% for the brain (982 vs. 896 mGycm, P<0.05), 24% for the chest (425 vs. 322 mGycm, P<0.05) and 42% for the pulmonary arteries (352 vs. 203 mGycm, P<0.001). No significant change in DLP was found for abdominal CT. The post-optimisation DLP values of the sinuses, brain, chest, pulmonary arteries and abdomen were 68%, 10%, 20%, 55% and 15% below the DRL, respectively. Conclusions The education and training programme for radiological institutes is effective in achieving a substantial reduction in CT radiation dose.
Introduction
Since its introduction in the early 1970s, computed tomography (CT) has evolved into one of the most important imaging techniques in medicine. The frequency of CT examinations has tremendously increased during the most recent decade mainly due to technical advances in multidetector CT and its wide availability. As a consequence of the increasing use of CT, exposure of the population to ionising radiation has also grown substantially. Because ionising radiation has carcinogenic effects, the number of radiation-induced cancers will likely increase over time as well. Brenner and Hall have estimated that 1.5% to 2.0% of all future cancers in the United States will be attributable to the radiation exposure from CT [1] . In absolute numbers, this estimation translates to an annual increase of approximately 29,000 additional tumours in the United States [2] . Based on these alarming estimations, the radiology community (radiologists, technicians, medical physicists and CT manufacturers) must make every possible effort to minimise the CT radiation dose for patients.
In the most recent decade, CT manufacturers have developed several techniques for reducing radiation doses, such as automatic tube current modulation or iterative reconstruction algorithms [3] [4] [5] [6] . At the same time, radiologists and medical physicists have published many scientific manuscripts regarding low-dose CT protocols and general dose reduction strategies [7] [8] [9] [10] [11] [12] [13] [14] [15] . However, the various techniques and strategies for dose reduction are only effective if they are applied correctly. Unfortunately, the promotion of education and training programmes on dose optimisation for radiologists and technologists has been neglected in the past. To date, many radiologists and technologists have been unaware of basic optimisation techniques to reduce the CT radiation dose [16] . On the basis of this insufficient knowledge, we hypothesised that an education and training programme for radiological institutes would result in a significant reduction of the CT radiation dose to the patient.
The objective of our study was therefore to establish an education and training programme for radiologists and technologists regarding the reduction of CT radiation doses and to assess this programme's efficacy.
Materials and methods
This study complied with the Health Insurance Portability and Accountability Act and was approved by our institutional review board. In addition, the requirement for informed consent was waived. The study was fully funded by the Federal Office of Public Health (FOPH) of Switzerland.
In January 2009, a CT radiation consulting team that consisted of three radiologists (S.T.S., C.N., Z.S.) and a radiological technologist (G. A.) was established. All members of the CT radiation consulting team were working full time in a university hospital that had more than 1,000 beds. The radiologists had broad experience in the optimisation of CT radiation doses, gained from a multitude of clinical and scientific projects. The three radiologists were working as attending physicians in the fields of neuroradiolgical, thoracic and abdominal imaging. The radiological technologist was the chief technologist for CT at the university hospital and had been involved in various clinical and scientific dose optimisation projects in the past. In addition, two medical physicists in the radiation protection division of the FOPH played advisory roles in this project.
In November 2009, 29 radiological institutes were invited by letter to participate in an education and training programme for CT dose optimisation. Only radiological institutes that were accessible within 2 h by car and were located in Switzerland were selected. Participation in the education and training programme was voluntary and free of charge. The invitees were informed that the collected data would remain strictly confidential and anonymous. Optimisation of the CT protocols was restricted to CT systems from Siemens Healthcare (Forchheim, Germany) or GE Healthcare (Milwaukee, WI, USA) because the members of the radiation consulting team had experience with these types of CT and our objective was to provide the most up-to-date, manufacturer-specific dose reduction strategies. Furthermore, these manufacturers were willing to support the radiation consulting team with technical advice.
Of the 29 invited institutes, 12 were interested in our education and training programme. Of these 12 institutes, ten were chosen randomly to participate in this study. These participating institutes included three private radiological institutes and seven radiological departments in public hospitals (number of beds: 100-535). Six of these institutes operated a CT system from Siemens Healthcare, and four institutes operated one from GE Healthcare ( Table 1) .
In January and February 2010, one radiologist (S.T.S.) of the radiation consulting team visited all of the participating institutes to explain the processes involved in the project and to collect data regarding the relevant technical parameters of the most frequently used adult CT protocols (e.g. the tube voltage, tube current-time product, pitch, collimation and use of automatic tube current modulation).
The consulting service consisted of three phases: the control period, the education and training period, and the follow-up period. During the control and follow-up periods, the radiation doses of the patients who had undergone clinically indicated CT examinations of the brain, paranasal sinuses, chest, pulmonary arteries or the abdomen were recorded. The CT examinations of the brain were unenhanced studies to rule out the presence of intracerebral haemorrhage and cerebral ischaemia. The indications for CT of the paranasal sinuses included inflammatory diseases, mid-facial traumas or preoperative work-ups. Chest CT consisted of routine contrast-enhanced imaging to diagnose infectious pulmonary diseases, lymph nodes or thoracic tumours. CT of the pulmonary arteries was applied to confirm or rule out pulmonary embolisms. CT examinations of the abdomen included the pelvis and were performed during the portal-venous phase of the contrast enhancement. The indications for abdominal CT included the presence of infectious diseases, tumours, lymph nodes and pre-and post-operative work-ups. The patient inclusion criteria included a minimum age of 18 years and an average body mass index (BMI) of between 18.5 and 25. There was no minimum or maximum number of patients for whom data had to be collected by the participating institutes during the control and follow-up periods. Not all institutes provided radiation dose data for each of the five CT protocols. The radiation dose, which was expressed as the dose-length product (DLP), was displayed on the CT console and stored in the local database at the end of each examination. DLP measurements were not performed. There may be differences between the measured and displayed dose values but the expected agreement between the two sets of data are reasonable so that displayed dose values are probably sufficiently accurate [17] . The radiological technicians were advised regarding the method to collect and arrange the radiation dose data in a pre-defined table template. Data collection lasted 8 weeks during the control and follow-up periods.
During the education and training periods, each of the institutes was consulted by a radiologist (S.T.S.) and a radiological technician (G. A.) of the radiation consulting team. The consultations took place at each institute and included an advising session on CT protocol optimisation and a lecture on CT radiation protection issues and strategies for reducing the CT radiation dose. During the individual advising session on the CT protocols, the radiation consulting team made suggestions regarding the optimisation of technical parameters and application of different contrast enhancement phases. The consultation was conducted as a face-to-face, small group workshop and was attended by a radiologist and a radiological technologist who were responsible for optimising the CT protocols at their respective institutes. Recommended optimisations are widely accepted in the medical literature and can be applied independently of the configuration of the CT system ( Table 2 ). The institutes were under no obligation to accept the recommendations that were made. The lecture, which was targeted at all of the radiologists and radiological technologists of the institutes, provided information on radiobiology, the cancer risk that is associated with CT examinations, CT dosimetry and practical advice for reducing CT radiation doses (Table 3 ). The on-site consultation lasted for 3 h; 2 h were used for the individual sessions advising on CT protocol optimisation, and 1 h was used for the lecture.
The mean DLP values before and after the training regarding a specific CT protocol were compared using a Wilcoxon matched-pairs test for each institute. An analysis of variance with additional post-hoc tests was used to analyse the pooled data for all of the institutes. Because the radiation doses exhibited significant differences between the institutes, especially for the doses before the consultations, we used the same number of CT examinations from each institute before and after the training for a given CT protocol. The statistical tests were performed using statistical software (StatSoft Inc., Tulsa, OK, USA) and MedCalc software (MedCalc, Mariakerke, Belgium). P values of less than 0.05 were considered statistically significant. In addition, the DLPs from the institutes were compared with the national diagnostic reference levels (DRLs) of Switzerland [18] . The effective dose was estimated by multiplying the DLP by 0.0022 mSv/mGycm for the head imaging, by 0.017 mSv/mGycm for the thoracic imaging and by 0.016 mSv/mGycm for the abdominal imaging [19] . The used DLP conversion factors did not consider the new tissue weighting factors published by the International Commission on Radiological Protection [20] .
Results
During both the control and follow-up periods, the DLP values from 180 CT examinations were collected (24 CT examinations of the paranasal sinuses, 43 of the brain, 45 of the chest, 21 of the pulmonary arteries, and 47 of the abdomen).
After the education and training programme, a decrease in the CT radiation dose was achieved for the paranasal sinuses, Table 2 Recommendations for the optimisation of CT protocols
• Application of reduced tube voltage for CT angiography (100 or 80 kVp):
-cerebral CT angiography [30, 31] -pulmonary CT angiography [32] [33] [34] -aorto-iliac CT angiography [8, 35, 36] • Lowering of the tube voltage and/or tube current for non-contrast CT [37] • Reduction of the total number of imaging phases (e.g. split-bolus technique) [38, 39] • Adjustment of image quality reference values of the automatic tube current modulation for oversized patients [40] • Reduction of the tube voltage and/or tube current for survey CT [41, 42] • Positioning of the X-ray tube below the table for the survey CT (e.g. 180°, postero-anterior position) [41, 42] • Prevention of the routine use of narrow collimations (e.g. <1 mm)
for CT of the thorax or abdomen [37, 43] • Review the clinical justification for the CT examination and reconsider using imaging techniques that are free of ionising radiation (e.g. MRI, ultrasound) [29] • Limit the imaging range to the area of interest, for follow-up studies in particular [44] • Prevent the extend beyond the anatomic limits (e.g., thorax, abdomen) which does not add clinically important information [7] • Position the arms above the shoulders during chest CT [45] • Position the patient precisely in the gantry [12, 46, 47] brain, chest and pulmonary arteries (Table 4) . Compared with the control period, the average reduction in the DLP in the follow-up period was 37% for the sinuses (P<0.001), 9% for the brain (P<0.05), 24% for the chest (P<0.05), and 42% for the pulmonary arteries (P<0.001). No significant difference was observed for the DLP values of the abdomen (P=0.60). The average post-optimisation DLP values were lower than the corresponding DRLs (sinuses: −68%, brain: −10%, chest: −20%, pulmonary arteries: −55% and abdomen: −15%; Table 4 ). Except for the CT examinations of the chest, the average pre-optimisation DLP values were already slightly lower than the DRL values.
The estimated effective dose decreased from 0.4 to 0.3 mSv, 2.2 to 2.0 mSv, 7.2 to 5.5 mSv, and 6.0 to 3.5 mSv for the CT of the sinuses, brain, chest and pulmonary arteries, respectively (P<0.05). For the CT of the abdomen, the effective dose was 8.6 mSv for the control period and 8.9 mSv for the follow-up period.
A slight increase in DLP values was observed in the followup period (compared with the control period) with regard to CT of the sinuses in one of the radiological institutes and with regard to CT of the brain in another radiological institute (Fig. 1a, b) . In several radiological institutes, the DLP values for the CT of the abdomen were larger during the follow-up period than the control period (Fig. 1e) . A marked variation in the DLP values existed among the radiological institutes for the same CT protocol (Fig. 1a-e) . For example, the radiation doses of the CT protocols for the pulmonary arteries differed by a factor of up to 3.5 among the institutes before the optimisation programme was applied (Fig. 1d) . After the optimisation programme, the differences in the DLP values among the institutes (shown by the standard deviations as well as the 5th and 95th percentiles) reduced substantially for the five different CT protocols (Table 4) .
Discussion
The results of our study demonstrate the effectiveness of a voluntary education and training programme in reducing the CT radiation dose in several radiological institutes. The largest decrease in the radiation dose used in cranial imaging was achieved for CT of the paranasal sinuses (up to 37%). The largest dose decrease for the thoracic imaging was achieved for the CT of the pulmonary arteries (up to 42%). However, no reduction of the radiation dose was achieved after the education and training programme for abdominal CT. A possible explanation for this finding might be the radiologists' concerns about suboptimal image quality resulting from lower dose CT protocols, possibly leading to a greater risk of overlooking low contrast lesions [21] [22] [23] [24] . Conversely, a marked reduction in the radiation dose is feasible in thoracic CT imaging because the increase in image noise is compensated for by the inherent contrast between air (lower attenuation) and the pulmonary vessels and interstitial structures (higher attenuation).
Participation in our education and training programme for CT dose optimisation was voluntary. Therefore, radiological institutes that participated in this study were motivated to actively reduce the CT radiation dose, which resulted in a very productive collaborative counselling process. The participation of these motivated institutes is reflected by the fact that the average DLP values were lower before the optimisation process in many institutes than the DRL values. We assume that a mandatory approach for education and training would have resulted in a less significant dose reduction. Institutes with little to no interest in reducing CT radiation doses should first be sensitised to the need for this process using an awareness campaign. Recently, awareness campaigns for paediatric and adult CT imaging have been launched in the United States [25, 26] . Two recent investigations have confirmed our findings that educational initiatives can successfully reduce the CT radiation dose [27, 28] . Raff and coworkers reported an average reduction of 53% in the radiation dose for cardiac CT in 15 radiological institutes by adopting a best-practice CT model [27] . This best-practice CT model included a minimised imaging range, a heart rate reduction, electrocardiographic-gated tube current modulation, and reduced tube voltage in patients, where applicable. In Table 4 Mean CT radiation doses of the ten radiological institutes during the control and follow-up periods. The data on the dose was assessed by the DLP. The data are presented as means, with the 5th and 95th percentiles in parentheses another study by Wallace et al., the radiation doses used in four common adult CT protocols (unenhanced CT of the brain, CT pulmonary angiography, unenhanced CT of the lumbar spine and CT urography) decreased substantially in radiological institutes that participated in a 1-day optimisation training workshop [28] . An average dose reduction of 46% for brain CT and 28% for pulmonary CT angiography was achieved. One key factor in obtaining these significant dose reductions in the two previous studies and in our study was the individual supervision of the participating institutes by an on-site radiation consulting team. Based on the results of our study, we decided to expand the education and training programme to all of the interested radiological institutes in Switzerland and to institutes working with CT systems from all manufacturers. A specially designed webpage (www.ct-consulting.ch) provides relevant information from our service and allows communication with the members of our radiation consulting team and service reservation. Reduction of the CT radiation dose requires a multifaceted approach, as suggested by Hricak et al. [29] . Three major components have to be considered for successful dose optimisation in CT: (a) implementation of dosereduction techniques, (b) use of clinical decision guidelines and (c) application of education and training programmes. Currently, very effective dose reduction techniques are available, and various clinical decision guidelines have been published by several national societies (e.g. the American College of Radiology and the Royal College of Radiologists) for the appropriate use of CT. Furthermore, several educational resources, such as review articles and websites describing radiation dose reduction, exist for the use of radiologists and technologists. However, on-site, face-to-face training workshops have not yet been widely organised. We believe that to achieve successful radiation dose reduction, each institute should be advised on an individual basis. The consulting service may be provided by either application specialists from a CT manufacturer or experts from a national radiological society or a governmental agency.
Several potential limitations of our study merit consideration. First, an evaluation of the diagnostic image quality of the CT protocols was not performed during the control and follow-up periods. However, the dose reduction strategies were adopted only when the image quality was deemed sufficient by the radiologists at the participating institutes. Second, the direct assessment of an individual dose-saving recommendation on the overall dose reduction for a specific CT protocol was not possible because multiple measures were implemented simultaneously. Furthermore, factors other than the recommendations made by our radiation consulting team may have affected the dose reduction in the follow-up period. Third, a standardised calibration of the CT dose index for each CT system was not performed before the dose data were collected. However, no adjustments were made on the CT units during the study period, and each institute contributed the same number of radiation dose values in the control and follow-up periods. Therefore, any systematic errors in the values of CT dose index are unlikely to have affected the results of this study. Fourth, only the radiation doses of patients who had an average BMI were assessed so that we would have a homogeneous group of patients to compare in the control and follow-up periods. Thus, it is not clear whether a major dose reduction can be expected in overweight or obese patients while maintaining diagnostic accuracy.
In conclusion, CT radiation dose can be substantially reduced using an on-site education and training programme for radiologists and technologists. The largest dose reductions can be expected in the head and thorax. Future studies are needed to assess the state-or nation-wide implementation of an education and training programme to reduce CT radiation dose.
